INTRODUCTION 7
To address this question, we used a carbon dioxide electrode, which was designed to measure 128 the total amount of dissolved carbon dioxide in solution. The solution in the internal filling of 129 the electrode is separated from the analytical sample by a CO2 permeable membrane. Typically, 130 a carbon dioxide buffer is added to the analytical sample to lower the pH to 4.8-5.2 thus shifting 131 the CO2/bicarbonate equilibrium ( 2 ( ) ⇄ + + 3 − ) towards free CO2. Carbon 132 dioxide diffuses through the membrane, and an equilibrium is reached between the 133 concentration of CO2 in the analyte and the internal filling. The increase of CO2 in the internal 134 filling causes an increase in hydrogen ion concentration, which is ultimately measured by the 135 pH electrode. To measure the actual (equilibrium concentration) rather than the total 136 concentration of carbon dioxide, we used this electrode in a sealed system and without the 137 carbon dioxide buffer. To calibrate our measurement system, we compared the calculated 138 concentrations of CO2 in sodium bicarbonate buffers with those obtained by direct 139 measurements with the carbon dioxide electrode ( Figure 5) . The results showed a faithful 140 relationship (two-tailed t-test, P=0.1037) between calculated and measured CO2 concentrations 141 ( Figure 5 ). We then used this system to measure the concentrations of dissolved CO2 in samples 142 obtained by bubbling CO2 in perfusion Ringer buffer. The higher the concentration of CO2, the 143 larger the currents recorded from CquiGR2/CquiGR3-coexpressing oocytes ( Figure S3 ). Of 144 note, currents recorded from sodium bicarbonate is the summation of carbon dioxide and Na + 145 responses. Although we adjusted the pH of the tested bubbled CO2 samples ( Figure S3 ) to rule 146 out the possible effect of hydrogen ion concentrations on oocyte responses, these recordings did 147 not unambiguously determine whether the receptor system is responding to carbon dioxide per 148 se or bicarbonate. 149
The next experiment further examined the possible role of pH on recorded currents. We 150 injected Ringer and 50 mM sodium chloride samples with their pH adjusted to that of the 151 perfusion Ringer buffer, as well as to 7, 6.5, 6, and 5.5. To make certain that the 152 CquiGR2/CquiGR3-coexpressing oocyte system was functional throughout the tests, we 153 injected Ringer, sodium chloride, and sodium bicarbonate at the beginning and the end of each 154 run ( Figure S4 ). These experiments (n = 6) further demonstrated that hydrogen ion 155 concentration at the pH range of 7.94 to 5.5 had little or no effect on sodium bicarbonate-156 elicited response ( Figure S4 ). 157
Having developed tools to measure the amount of free carbon dioxide in solution, CO2 (aq), and 158 demonstrated that pH change had minimal or no effect on oocyte responses, we next tested 159 whether sifting the equilibrium of CO2/bicarbonate buffers would cause an increase or a 160 decrease in the receptor response. We prepared in duplicates aliquots of 10 mM sodium 161 bicarbonate buffers and placed them in sealed V-vials with Teflon liner, open-top caps. One of 162 the experimenters took a sample from one of a pair of vials, applied to a CquiGR2/CquiGR3-163 coexpressing oocyte and recorded the elicited current. Meanwhile, the other experimenter 164 injected an aliquot of 0.1 N HCl to the second pair of the same sample, vortexed, and provided 165 the sample to the other experimenter to apply immediately to the oocyte preparation ( Figure  166 S5). The pairs of unadjusted and pH adjusted samples were kept sealed until their pH values 167 were recorded. As expected, the initial pH was nearly the same (pH = 7.73) because they were 168 aliquots from the same 10 mM sodium bicarbonate sample. The final pH of the tested samples Quantification of the recorded currents from paired samples showed a significant increase (two-171 tailed t-test, n = 12, p = 0.0005) in the lower pH samples ( Figure 6A ). Similar experiments 172 were performed to measure the actual concentration of dissolved CO2 in paired samples with 173 initial and lowered pH. The initial and final pH values of these samples (n = 4) were 7.73 and 174 7.32 ± 0.03, respectively. As expected, the quantification of CO2 (aq) showed an increase in 175 dissolved CO2 at lower pH ( Figure 6B ). The measured CO2 concentrations in the samples 176 without adjustment (pHinitial) and with pH adjusted (pHlowered) were 17.90 ± 1.55 ppm and 32.40 177 ± 2.40 ppm, whereas the calculated CO2 concentrations were approximately 15.8 and 38.4 ppm, 178 respectively. An increase in dissolved CO2 concentration by lowering pH is predicted by Le 179
Chatelier's Principle, given that an increase in H + concentration shifts the equilibrium towards 180 CO2 (aq). Because the increased oocyte response ( Figure 6A ) resulted from the increase of in 181 situ CO2 concentration ( Figure 6B ), we concluded that CO2 per se, not bicarbonate, activates 182 the Cx. quinquefasciatus gustatory receptor system when expressed in Xenopus oocytes. It has 183 also been reported that the BAG neurons of the nematode Caenorhabditis elegans are activated 184 by molecular CO2, although they can be activated by acid stimuli [22] . We found no evidence 185 for the activation of the Culex mosquito GR system by hydrogen ions. 186 187 CquiGR1 Orthologs in An. gambiae and Ae. aegypti are Putative Modulators. 188
Given the unexpected results that CquiGR1 was not necessary for receptor function, but rather 189 attenuated the responses of the CquiGR2/CquiGR3 receptor system to CO2, we asked whether 190 this would be a common feature of mosquito biology. We prepared oocytes to coexpress the AgamGR24. Using the same batch of oocytes, we prepared a binary combination of these 193 receptors devoid of AgamGR22, ie, AgamGR23/AgamGR24-expressing oocytes. Then we 194 compared the responses of these oocytes to the same concentrations of sodium chloride and 195 sodium bicarbonate. Specifically, we challenged each oocyte preparation of the same age and 196 the same batch of oocytes with 50, 100, 200, and 300 mM solutions of NaCl and NaHCO3. 197 AgamGR23/AgamGR24-coexpressing oocytes gave stronger, concentration-dependent 198 responses to sodium bicarbonate ( Figure 7A ) than the oocytes coexpressing a tertiary receptor 199 system, AgamGR22/AgamGR23/AgamGR24 ( Figure 7B ). These experiments were replicated 200 with another batch of oocytes ( Figure 7C ,D). These results suggest that the CquiGR1 ortholog 201 from the malaria mosquito, ie, AgamGR22, functions as a modulator. Data are presented as mean ± SEM. Some error bars for NaCl curve do not appear, because 271 they are shorter than the size of the symbol. From left to right: 0.81, 2. 59, 3.24, 5.35, 6.92, 272 11.24, 9.59, and 14.42. 273 274 Smith, E.S., Martinez-Velazquez, L., and Ringstad, N. (2013) . A chemoreceptor that 410 detects molecular carbon dioxide. J Biol Chem 288, 37071-37081. 411
Figure 1. Responses of Oocytes to Sodium Chloride and Sodium Bicarbonate
Traces obtained with the following types of oocytes from the same batch and age: In this experiment, a freshly prepared perfusion Ringer buffer (pH 7.94) was used. Ringer buffer and 50 mM samples of sodium chloride or sodium bicarbonate at the same pH were applied at the beginning and the end of the experiment. The pH values of Ringer buffers and 50 mM NaCl solutions were adjusted to 7, 6.5, 6, and 5.5 before injection. These experiments were repeated six times. The pH of injected samples (10 mM NaHCO3) was measured before and after acidification. 
Oocytes preparations and two-electrode voltage clamp recordings
The vectors carrying GR genes were linearized with restriction endoneuclease NheI, except for AgamGR22, which was cut by SphI. The linearized vectors with gene inserts were used as templates to transcribe capped cRNAs with poly(A) using an mMESSAGE mMACHINE T7 kit (Ambion) following the manufacturer's protocol. The cRNAs were dissolved in RNase-free water and adjusted at a concentration of 200 μg/mL by UV spectrophotometry (NanoDrop™ Lite Spectrophotometer, ThermoFisher). 9.2 nl of each cRNA samples were microinjected into stage V or VI Xenopus oocytes (purchased from EcoCyte Bioscience, Austin, TX). Then injected oocytes were incubated at 18 °C for 3-7 days in modified Barth's solution [in mM: 88 NaCl, 1 KCl, 2.4 NaHCO3, 0.82 MgSO4, 0.33 Ca(NO3)2, 0.41 CaCl2, 10 HEPES, pH 7.4] supplemented with 10 μg/mL of gentamycin, 10 μg/mL of streptomycin, and 1.8 mM sodium pyruvate. For two-electrode voltage clamp (TEVC) recordings, as previously done [1] , oocytes were placed in a perfusion chamber and challenged with test compounds. Compound-induced currents were amplified with an OC-725C amplifier (Warner Instruments, Hamden, CT), the voltage held at −80 mV, low-pass filtered at 50 Hz and digitized at 1 kHz. Data acquisition and analysis were carried out with Digidata 1440A and pClamp10 software (Molecular Devices, LLC, Sunnyvale, CA).
Sample preparations and CO2 measurement
Sodium chloride (Fisher Scientific, >99%) and sodium bicarbonate (Sigma-Aldrich, 99.7%) were used to prepare fresh samples by dissolving the appropriate amounts of these salts in perfusion Ringer buffer (NaCl 96 mM, KCl 2 mM, CaCl2 1.8 mM, MgCl2 1 mM, HEPES 5 mM, pH 7.6) to make 0.5 M solutions. Then, the desired concentrations were prepared by diluting with perfusion Ringer buffer. CO2 samples were prepared by bubbling MediPure™ CO2 (Praxair, Danbury, CT) directly into perfusion buffer for 5 s, and subsequently adjusting the pH.
The concentration of dissolved CO2, ie, CO2 (aq), was calculated by equation I: Koverall, which is sometimes referred to as Ka, is a constant, which incorporates the constant of hydrolysis of CO2 and the first dissociation constant of carbonic acid, Ka1, ie, Koverall = Kh x Ka1. pKa is 6.3 (https://pubchem.ncbi.nlm.nih.gov/compound/Sodium-bicarbonate#section=pKa).
The molar concentration of dissolved CO2 is, therefore, related to the pH of the solution and the nominal concentration of sodium bicarbonate. Thus, the concentration of dissolved CO2 in a 10 mM NaHCO3 solution at pH 7.73 is approximately 0.358 mM or 15.76 ppm. At pH 7.32, the calculated concentration of dissolved CO2 is 0.872 mM or 38.36 ppm. pH and carbon dioxide were measured with an Orion Star™ A214 pH/ISE Benchtop Meter (ThermoFisher Scientific, Waltham, MA 02451). A carbon dioxide electrode was used for CO2 measurements. The internal filling solution of this electrode is separated from the sample solution with a gas-permeable membrane. CO2 dissolved in a sample solution diffuses through this membrane until an equilibrium between CO2 in the electrode filling and the sample solution is reached. The influx of CO2 causes a change in hydrogen ion concentration in the electrode filling solution, which is measured by a sensing element behind the membrane. The system was calibrated before measurements with freshly prepared 22, 55 and 110 ppm solutions. Standard solutions were sealed with parafilm before measurements. To minimize losses of carbon dioxide during measurements, we used 50 ml Falcon tubes to house sample solutions. A hole was opened in the tube cap, and the electrode was inserted and kept in place with two O-ring seals below and two O-ring seals on the top of the cap. Then the cap was sealed with Teflon tapes and finally covered with electrical tape. Fifty milliliter Falcon tubes housing test samples were attached to the electrode and fastened tightly. The concentrations of dissolved CO2 in bicarbonate solutions were measured by preparing 10, 25, 50, 100, 150, 200, 250 , and 300 mM solutions in perfusion Ringer buffer, with four replicates for each sample. To compare the concentrations of dissolved CO2 without adjustment and after acidification, 7 ml aliquots of 10 mM sodium bicarbonate buffers were prepared in pairs. One of the two aliquots in a pair was used to determine CO2 concentration without pH change. To the other pair, 150 µl of 0.1 N HCl was added and immediately used for CO2 measurement, and then the pH was recorded. To compare oocyte response, samples were similarly prepared by using smaller aliquots (700 µl) in V-vials. In this
